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Abstract
Phosphor thermometry offers many advantages over other temperature sensing techniques and is
firmly established as a superior technique when compared to others such as infrared and resistive
heating methods. The aim of the present work is to extend the application range of phosphor
thermometry by exploring the feasibility of two new areas. In the first assessment, the
temperature of tissue was evaluated by directly and indirectly interfacing thermographic
phosphors with tissue. In the indirect method the temperature evaluated was the result of joule
heating that occurred in a current carrying electrode mimicking an implant. The current was
supplied by a DC supply. Results indicate that the signal transferred across the tissue boundary is
in fact intense enough and clearly detectable to accurately infer temperature values from the
decay curves associate with thermographic phosphors. The decay time was measured up to the
thickness of 22.55 mm. In the second part of the work the decay behavior of YAG:Dy coated on
flexible ceramic strips of Yttrium Stabilized Zirconia (YSZ) was thoroughly investigated and
characterized from ambient to 1200 ˚C. This was accomplished by 365 nm UV LED excitation
and monitoring the 4I15/2 →6H15/2 transition at 456 nm. The decay characteristics did not show a
strong temperature dependence up to ~900˚C. However, at temperatures exceeding 900˚C there
was a strong temperature dependence, such that the decay time decreased as a function of
temperature.
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Chapter 1
Introduction
1.1 Significance of temperature as a physical property
The bulk and surface temperature of a body indicates important information about the
physical state of the object and can be used to evaluate a variety of other important
parameters. Temperature measures the degree of hotness or coldness, indicating the direction
of flow of thermal energy. In biomedical applications, it can indicate the health of the tissue
and the human body. When body temperature falls below 32.2 oC or, rises above 41.1 o, it
internal and external organs respond in different ways. Regulating our body temperature to
be within this range is critical to our health and well-being [1]. Other applications that rely
heavily of optimum temperature ranges include agriculture [2], smart polymers and liquid
crystals [3], and energy storage in temperature applications such as Lithium-ion batteries [4].
The advancement of technology in the field of temperature measurement had led to the
development of different techniques for measuring temperature and selection criteria are
often based on cost, performance needs, and environment. Some of the most common
techniques used to measure temperature include thermocouples [5], pyrometer [6], thermal
paints [7], temperature labels, and infrared detection [6]. Limitations are associated with
each technique [8,9] and improvements to existing techniques would be highly desirable.
The preferred techniques often involve a rapid assessment of temperature with no contact, if
possible.
In the case of IR thermometry errors are introduced because of a lack of knowledge of
nearby surfaces and exact emissivity value. For liquid crystals, a significant hurdle is the
slow response time which makes it impractical for rapid temperature measurements
1

Luminescence thermometric approach offers advantages over these techniques and is
discussed in detail in this work [9].
Luminescence induced by light is referred to as photoluminescence and there are two
types: fluorescence and phosphorescence. The emission of light that disappears shortly after
the end of excitation is known as fluorescence whereas phosphorescence is the emitted light
that persists for a longer time after the end of excitation. Overall, the usual condition of
phosphorescence is that the excited electron passes through an intermediate state before
emission [10]. The measurement of temperature using the thermographic phosphor which is
the focus of this work is known as phosphor thermometry and is discussed in detail in
Chapter 2.

1.2 Advantages of phosphor thermometry
Being a semi-contact method, phosphor thermometry can be used in environments that
other methods cannot readily access. It is a versatile method that can span a very wide
temperature range and has a small footprint [11]. To better understand the evolution and the
technique of phosphor thermometry, the historical background of this technique is presented
below:

1.2.1 Historical background
The term “phosphor” was derived in 1640 which means any “microcrystalline solid
luminescent material” [12]. The idea to use phosphors for measuring temperature originated
in 1937 when it was first observed that the luminescence of a fluorescent lamp decreases
with increasing temperature [13]. The scope of work further expanded around well into the
1980s. The introduction of a new short-pulse laser allowed this area to grow rapidly [14].
Later, Allison and Tobin extended the application of phosphor thermometry to the aerospace
2

industry and did extensive work on the characterization of various phosphors [15], [16], [17].
The field of phosphor thermometry is continuously expanding. The invention of short-pulsed
lasers with greater pulse energies than before has significantly impacted the advancement of
this field of thermometry [18].

1.2.2 Measuring temperature with thermographic phosphors
Phosphors are typically fine powders that could be white or pastel color. When
illuminated with the proper source, the phenomena of fluorescence or phosphorescence is
observed and this is due to the conversion of the incident energy to its characteristic
wavelength [9]. With the change in temperature, the emission characteristics of phosphors
can change which is a key behavior taken advantage of in phosphor thermometry [18], [14].
A thermographic phosphor consists of a host material which is then doped with certain
rare earth metals (lanthanides) or transition metals known as activator atoms. There are
significant advantages offered by phosphor thermometry over other temperature sensing
methods. In the case of solid state-based thermometry, shot noise and tunnel junction can be
significant at the nanoscale and can create inaccuracies while measuring temperature [19].
This technique is more accurate than the methods mentioned earlier and does not suffer from
the same shortcomings as those do [20].
In the case of the biomedical approach involving fiber optics captures and delivers the
light from the fiber. The tests are planned such that the fiber probe can generate and detect
fluorescence while research involving the in vivo application, the phosphor excited and
emitted at longer wavelength have an advantage for the transmission through the skin:
YAG:Cr can be excited in the short end range of the spectrum and can emit in deep red signal
as well and therefore feasible to measure temperature [21].

3

The factors such as optical properties of tissue like absorption, scattering, and the
fluorescence of tissue play a role in determining the temperature from the tissue via
luminescence. A variety of applications are developed for temperature sensing, aiming for
biomedical use such as intracellular and intercellular temperature measurement, tumor
temperature monitoring, diagnosis of ischemia by thermal imaging, etc. The excitation and
emission of biological tissue is a complex phenomenon due to the diverse optical properties,
sizes and shapes [22]. Since phosphors are powders, they can be hazardous to work with and
it is preferred that they are encapsulated in an inert encapsulant prior to handling [23].

1.3 Siloxane based polymers
Polydimethylsiloxane (PDMS) is a highly versatile siloxane-based polymer and has been
used in a wide range of applications [21], [24]–[26]. Sylgard-184 is one of the most studied
formulations of PDMS [21], [24]–[26], [27], [25]. PDMS is widely used in the aerospace and
biomedical industry and has been a key material in many of the recent investigations of the
Sabri group to date[26]. The application of PDMS for designing the microelectromechanical
system was discussed by Ziaie et al.[28]. The aerospace application was discussed by
Pielichowski et al. [29]. This further demonstrates the versatility of this family of polymers.

1.4 Aerogels and their applications
Aerogels were first synthesized by Kistler in 1932 [30] and are well-recognized for their
high porosity (high as 90% in some cases), low density, high surface area, low refractive
index, low dielectric constant, low thermal conductivity, and impressive sound damping
properties [30],[31]–[33], [34]. A recent investigation successfully combined thermographic
phosphors with µm-thin flexible ceramic ribbons to create a sensing tool that could operate at
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extremely high temperatures and evaluate the structural health of aerogels [35]. Recent
advances in ceramic manufacturing in the form of flexible thin films, strips, ribbon, and high
performing sheets has created new opportunities for the use of ceramics in extreme
conditions. Zirconia ribbons as thin as 20 µm have been manufactured using the roll-to-roll
(R2R) processing method and can withstand continuous operating temperatures as high as
1000 ºC [36],[35]. Future usage of aerogels can be significantly expanded if protective
ceramic ribbons can be combined at the synthesis stage. Combining the unique properties of
PDMS and aerogels [37]–[41] [42] opens the doors to new possibilities and new materials
that can further expand our knowledge of materials and improvements and have been the
motivation behind this study.

1.5 Research aims
The overarching goal of this research work was to explore and characterize two distinctly
different application windows for phosphor thermometry. In the first section of the study, the
focus is on a biomedical application involving direct and indirect evaluation of tissue
temperature. In the second portion of the study, the performance of phosphor-coated ceramic
ribbons intended for extreme conditions is evaluated. Finally, the effect of space radiation on
phosphors is evaluated.

5

1.6 Thesis outline
Chapter 2 provides an overview of the theories behind the research work presented here
including a thorough review of phosphor thermometry. Chapter 3 includes details of the
experimental methods and materials used to infer tissue temperature by direct and indirect means
using thermographic phosphors. The methods associated with coating ceramic ribbons with
phosphors and evaluating the temperature at very high T are provided in Chapter 4. Chapters 6
and 7 contain results and discussion corresponding to the methods chapter 4, and 5 respectively.
Concluding notes and future recommendations are discussed in Chapter 7.
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Chapter 2
Theoretical Background of Work Presented
2.1 Introduction to luminescence
The electromagnetic spectrum is divided into seven different categories, based on the
frequency or wavelength range. Spectroscopy deals with the interaction of the
electromagnetic waves with matter and a variety of fundamental interactions could occur.
These include reflection, refraction, absorption, scattering, and luminescence. Following
absorption of energy, luminescence is caused by the transition of electrons between the
energy states which results in emission of light. The shift in energy is adequately discussed
below. It can be classified into several forms depending upon the type of energy used to
excite electronic transitions such as: photo-, bio-, thermo-, iono-, crystallo-, piezo-, sono-,
and mechano [43], [22].
Absorption process is a fast physical and radiative process of the order of 10-15 sec
duration which is triggered by the absorption of photon(s). The following Jablonski diagram
explains the excitation of electrons from the ground state to an excited state and vice-versa.
The electron interacts with the phonons and undergoes vibrational relaxation. The process of
losing energy through internal conversion occurs when a vibrational state of an electronically
excited state couples to a vibrational state of a lower electronic state. The time period for
each process is of the order of 10-12 sec. A process of intersystem crossing occurs when a
nonradiative transition occurs to the state with a different multiplicity state (triplet state),
which is a slow process of the order of 10-8 - 10-3 sec duration. It is a forbidden process as the
transition should not occur according to the selection rules. Phosphorescence occurs when an
electron in a system undergoes intersystem crossing, the emission of light from the triplet
7

excited state to the ground state, which are typically around milliseconds to seconds (10-4 s –
10 s) [22].

Figure 2. 1: Jablonski diagram for fluorescence and phosphorescence [62].

2.2 Phosphor thermometry
Phosphor thermometry is a remote and optical technique for the determination of
temperature using the rare-earth or transition metal doped ceramic materials, whose emission
properties change with temperature. For example, the surface temperature of a device may be
tested by coating its surface with a thermographic phosphor material and excited it with
ultraviolet light. The technique uses the optical signal generated from the thermographic
phosphor to determine the temperature profile of the surface that is in contact with. The
transient luminescence decay characteristic or the intensity ratio of two different emission
lines can be employed for the determination of temperature [44].

8

2.2.1 Overview of thermographic phosphors

Phosphor thermometry utilizes the physical properties of phosphor particles for assessing
temperature. Phosphors are thermographic if they exhibit the emission changing character
with respect to temperature. In other words, inorganic phosphors which are designed
specially to measure the temperature change are referred to as thermographic phosphors.
Phosphor particles are usually inorganic and white-brown in color [20] (see Figure 2.2).

Figure 2. 2: An example showing the composition of thermographic phosphors [12].

The particles are typically 1-10 µm in size and consist of a host material and a doping agent.
The activator is often a rare earth metal. The doping concentration for activator atoms is usually
very low and in the range of 1%. The temperature dependent characteristic is mostly due to the
activators that absorb and emit radiation [14].
The phosphors used in this research work are described below:
i)

Europium doped Lanthanum Oxysulfide (La2O2S:Eu):
The phosphor is suitable for low-temperature surface thermometry. The emission
lines are obtained by exciting with the Ultraviolet laser source. The emission lines are

9

418nm and 446nm range corresponding the transition from 5D3 states at cryogenic
temperature and can also be monitored at 514 nm, 538 nm, and 624 nm lines
corresponding the transition from 5D2, 5D1, 5D0 states at room temperature and above
that [45] . Due to the strong competition between the non-radiative lattice
deexcitation and photon-emitting de-excitation with the europium electronic level, a
strong dependence on temperature exists for La2O2S:Eu phosphor [46].
ii)

Manganese doped Magnesium Flurogermanate (Mg3F2GeO4:Mn):
The emission is due to the Mn4+ in Magnesium flurogermanate and its emission is
temperature dependent nature. The emission originates from the transition from the
4

F2 state leading into two dominating emission bands at 631 nm and 657 nm lines

[45]. The samples containing germanate are pale yellow in color which luminesce red
under the excitation [47].
iii)

Dysprosium doped Yttrium Aluminum Garnet (YAG:Dy):
Based on the research work by Cates, the YAG:Dy phosphor successfully
measures the high temperature for 453 nm, 480 nm and 575 nm emission wavelength
[48] . Figure 2.3 shows the excitation energy level for YAG:Dy. The dysprosium is
excited into the 4F7/2 level and undergoes thermal equilibrium resulting in the
population build up to the nearby 4I15/2 level which increases with the increase in
population. After the excitation, the signal is monitored for 4I15/2 to 6H15/2 transition
for 456 nm [18].

10

Figure 2. 3: Energy level diagram for YAG:Dy thermographic phosphors [63].

Figure 2. 4: Energy diagram explaining the mechanism of electronic excitation in thermographic
phosphors [18].

Figure 2.4 explains the absorption and emission transitions of the electron and the
radiative and non-radiative process of emission of an electron. The electron is excited by the

11

absorption of the energy (A to B), which is then non-radiatively relaxed to a meta-stable
energy state. The Boltzmann distribution is responsible for the temperature dependency of
decay time [1]:
∆𝐸

𝑛𝑒𝑥𝑐𝑖𝑡𝑒𝑑 = 𝑛 𝑔𝑟𝑜𝑢𝑛𝑑 (− 𝑘𝑇 )

(1)

Upon reaching a certain range of temperature, the excited electrons in the activator atoms
will transfer its energy to the surrounding host material i.e., the electron in the excited state
intersect with the ground state (point E) allowing the vibrational relaxation through phonon.
The thermal quenching behavior of the thermographic phosphor is due to the non-radiative
process that takes place which will overshadow the luminescence intensity from the excited
ion. For the case of Eu doped phosphor, the Charge Transfer State (CTS) of the host material,
which is located at the lower energies level (<40*103 cm-1) transfer energy to the CTS will
relax non-radiatively to its lower energy state and the relaxation occurs in the form of
radiation. While at a higher temperature the lifetime of the phosphorescence is shorter which
is due to the fast de-excitation of CTS to the lowest CTS energy state [14].

2.3 Thermographic phosphor characteristics
Temperature can affect the response of a phosphor in a different way. The various
emission characteristics of thermographic phosphor can be described as:

12

Figure 2. 5: Response mode of thermographic phosphor [9].

From the above-mentioned emission characteristic, the decay time characteristics method
is used in the research to measure the change in temperature. The phosphorescence decay
process can be written using the following equation:
𝑡

𝐼 = 𝐼0 (exp (− 𝜏) + 𝐵

(2)

where I0 is the initial intensity of the signal, T is the time, 𝜏 is the decay time constant; the
1

time for which the intensity is reduced by the factor of 𝑒 and B is the background radiation
[49].
The decay time of phosphor decreases with increasing temperature. The decay time 𝜏 of
the emission is determined by the decay process where the optical excitation if the phosphor
by a suitable light signal brings the excited states to ground states through the radiative and
13

non-radiative processes. The temperature dependence of the decay time is due to the nonradiative transition rate which is a function of temperature. In this way, the temperature of
the surface is retrieved with the measurement of decay time [50]. The number of nonradiative transitions is directly proportional to the temperature; decay time are longer at low
temperature regime since the lesser amount of luminescent energy is converted to phonon
emission as compared to higher temperature [49]. Consider that after subtracting the
background, equation 2 becomes
𝑡

𝐼

= 𝑒 (−𝜏)

𝐼0

(3)

Taking the logarithm of both sides leads to
𝐼

𝑡

ln (𝐼 ) = − 𝜏

(4)

0

This can be compared with the equation of the straight line (y = mx+ c) and the slope of the
equation is given by −1/𝜏. Hence, the reciprocal of the slope gives the decay time.

2.4 Spectroscopic analysis of properties
The optical measurement of the sample was done using UV- Vis spectroscopy. The basic theory
involved for the principles of measurements are provided in the sections below.

2.4.1 Beer-Lambert law
The Lambert law primarily relates the transmission to the path length of the material that the
incoming signal is traveling through and is given below:
𝐼

𝑇 = 𝐼 = 𝑒 −𝑘𝑏

(5)

0
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where I0 is the incident intensity, I is the transmitted intensity, k is a constant and b is the path
length. The Beer law on the other hand related the above expression to the concentration. As
such, the Beer-Lambert law generally states that:
𝐼

𝑇 = 𝐼 = 𝑒 −𝑘𝑏𝑐

(6)

0

where c is the concentration of the absorbing species.
Modifying the equation in the linear form:
𝐼

𝐼

𝐴 = − log(𝑇) = − log (𝐼 ) = log ( 𝐼0 ) = 𝜀𝑏𝑐

(7)

0

where 𝜀 is the molar absorption [51].

2.4.2 Kubelka-Munk function
Consider a particle layer placed between glass plate A with reflectance ra and
transmittance ta and glass plate B with rb and tb respectively (Figure 2.6). If the layer thickness is
d, the boundary conditions will be:
Glass A

Glass B

I0
I(0)

I(d)
J(0)
x=0

x=d

x
Figure 2. 6 :Schematic diagram representing the pathway of the incoming beam, when the band gap was
measured in reflectance mode.

15

𝐼(0) = 𝑡 𝑎 𝐼 0+𝑟 𝑎 𝐽(0)

(8)

𝐽(𝑑) = 𝑟 𝑏 𝐼(𝑑)

(9)

Introducing ρa and ρb and defined as:
1−𝑟 𝑎

ρa = 1+𝑟 𝑎

(10)

1−𝑟 𝑏

ρb = 1+𝑟 𝑏

(11)

Now equations (8) and (9) can be written as:
(1 + ρa )𝐼(0) = 𝑡 𝑎 (1 + ρa )𝐼0 + (1 − ρa )𝐽(0)

(12)

(1 + ρb )𝐽(𝑑) = (1 − ρb )𝐼(𝑑)

(13)

The results of general solutions are:
𝐼(𝑥) = 𝐴(1 − 𝛽)𝑒 𝛼𝑥 + 𝐵(1 + 𝛽)𝑒 −𝛼𝑥

(14)

𝐽(𝑥) = 𝐴(1 + 𝛽)𝑒 𝛼𝑥 + 𝐵(1 − 𝛽)𝑒 −𝛼𝑥

(15)

Using the general solution in the boundary conditions, constants A and B are found to be:
{(ρb −𝛽)(1+ρa )𝑒 −𝛼𝑑 }

𝐴 = −𝑡 𝑎 𝐼0 2(ρa +𝛽)(ρb +𝛽)𝑒 𝛼𝑑 −2(ρa −𝛽)(ρb −𝛽)𝑒 −𝛼𝑑
𝐵 = 𝑡 𝑎 𝐼0

(16)

{(ρb +𝛽)(1+ρa )𝑒 𝛼𝑑 }

(17)

2(ρa +𝛽)(ρb +𝛽)𝑒 𝛼𝑑 −2(ρa −𝛽)(ρb −𝛽)𝑒 −𝛼𝑑

If a glass plate exists on only one side, then ta =1 and ra=0 (ρa =1). In this case, the transmittance
T and reflectance R of the particle layer are given by:
𝑇=

𝐼(𝑑)
𝐼0

[{(1+𝛽)(ρb +𝛽)−(1−𝛽)(ρb −𝛽)}

∗ 𝑡 𝑏 = 𝑡 𝑏 ∗ {(1+𝛽)(ρb +𝛽)𝑒 𝛼𝑑 −(1−𝛽)(ρb −𝛽)𝑒 −𝛼𝑑 }]
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(18)

𝑅=

𝐽(0)
𝐼0

For d

=

[{ (1−𝛽)(ρb +𝛽)𝑒 𝛼𝑑 −(1+𝛽)(ρb −𝛽)𝑒 −𝛼𝑑 }

(19)

{(1+𝛽)(ρb +𝛽)𝑒 𝛼𝑑 −(1−𝛽)(ρb −𝛽)𝑒 −𝛼𝑑 }]

∞, the equation 19 can be written as:
1−𝛽

𝑅∞ = 1+𝛽

(20)

So the equation for the Kubelka-Munk function can be written as [52]:
𝐾
𝑆

=

(1−𝑅)2
2𝑅

= 𝐹(𝑅∞ )

(21)

2.4.3 Band gap energy
The band gap energy defines the energy required to excite an electron from the valence
band to the conduction band. The determination of the band gap helps to identify the
photophysical and photochemical properties of a material. In 1966, Tauc proposed the method
for estimating band gap value in semiconductors which was later further developed by Davis and
Mott. The energy dependent absorption coefficient can be expressed as:
1

(𝛼ℎ𝑣)𝛾 = 𝐵(ℎ𝑣 − 𝐸𝑔 )

(22)

where ℎ is the Planck constant, 𝑣 is the photon’s frequency, 𝐸𝑔 is the band gap energy and B is a
constant [53]. The factor 𝛾 depends upon the nature of transition and is equal to ½ or 2 for the
direct and indirect band gap respectively [54]. According to P. Kubelka and F. Munk, the
reflectance spectra can be transformed into absorption spectra by applying the Kubelka-Munk
function (F(R∞)). Combining equations 21 and 22 lead to a new expression for, the band gap R∞:
1

(𝐹(R ∞ )ℎ𝑣)𝛾 = 𝐵(ℎ𝑣 − 𝐸𝑔 )

(23)
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1

1

On plotting a graph between (𝛼ℎ𝑣)𝛾 (in the case of absorbance) or (𝐹(R ∞ )ℎ𝑣)𝛾 (in the case of
reflectance) vs ℎ𝑣, the x-axis intersection for the region showing the steep linear increase of light
absorption with the increasing energy gives the band gap energy value [53]. In the case of
powder samples, the scattering component cannot be neglected, and thus diffuse reflectance
spectroscopy method is a better choice than absorption spectroscopy [55].
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Chapter 3
Materials and Methods: Evaluating the Temperature of Tissue by
means of Phosphor Thermometry
This chapter contains an overview of the materials, experimental methods, and
techniques used to measure the temperature dependent luminescence of thermographic
phosphors when interfaced with tissue. Medical implants that utilize current, run the risk of
generating local heat and as such increasing tissue temperature which can lead to unintended and
adverse side effects. This chapter presents a variety of configurations that assessed tissue
temperature (heated by means of current running through an electrode) with the aid of
thermographic phosphors. The different configurations have been listed in Figure 1. All the
phosphors used for the study were acquired from Phosphor Technology, UK. In this
investigation, only the temperature-dependent decay behavior has been evaluated. The phosphor
type that was chosen for this segment of the work was selected because of displaying
temperature sensitive decay time (as opposed to amplitude). Here, “tissue” refers to the skin or
muscle of chicken acquired from a local grocery store. Where appropriate, it has been further
identified if tissue is indicating skin or muscle. Figure 3.1 summarizes the different
configurations and layer structures that were tested and the purpose it served for this portion of
the thesis work:
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Configuration 1 (C1): Phosphor coated electrode positioned sub-muscularly (Left) and
subcutaneously (Right) region. (Local heating generated by current passing through the
electrode)

3.1 Phosphor Thermometry Set-up and Decay Time Calculation

Configuration 2 (C2): Phosphor coated directly on tissue and emitted signal detected across the
tissue thickness. (Determine the maximum tissue thickness that signal can be detected through)
A brief explanation about the experimental set-up and decay time (ԏ) measurement used

3.1: Summary
of experiments
performed to evaluate temperature of tissue.
inFigure
this research
is given
below:

3.1.1. Experimental Set-up used for measurement of temperature-dependent
characteristics
Configuration 3 (C3): Phosphor coated electrode (baseline), +skin, and +muscle. Excitation/
emission on the same side (above). (Test the signal strength as a function of detector distance)

Configuration 4 (C4): Phosphor coated directly on tissue and then refrigerated. Decay time
measured as a function of temperature. (To confirm that the phosphor is directly detecting the
temperature of the tissue it is in contact with)

Figure 3. 1: Summary of major experiments performed to evaluate temperature of tissue.
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3.1 Phosphor thermometry set-up and decay time calculation
A brief explanation about the experimental set-up and decay time (ԏ) measurement used
in this research is given below:

3.1.1. Experimental Set-up used for measurement of temperature-dependent
characteristics
Figure 3.2 shows the set-up used which consists of a light emitting diode (LED)
(Thorlabs, Newton, NJ) and stands tools (Thorlabs, Newton, NJ). The 650 nm filter with 40
FWHM bandpass filter (Andover Corporation, Salem, NH) was used to detect the 638 nm
emission peak of Mg3F2GeO4: Mn phosphor. This optical signal was then converted into an
electrical signal from the photomultiplier tube and sent to the Tektronix 2012 C digital
oscilloscope (Tektronix, Beaverton, OR), where the decay curve can be visualized. The signal
generator (Tektronix) was used to generate the square wave pulse at the frequency of 20Hz and
excites the phosphor.

3.1.2. Decay time calculation
The decay time (ԏ) was calculated from the decay curve for different temperatures and
for different thicknesses, which will be discussed in detail later. The file obtained from the
Tektronix oscilloscope was an excel file. The decay time (ԏ) was calculated using the EMCO
(Emerging Measurements Company) analysis software and this decay time was converted to
temperature using the appropriate calibration data. Another approach was used when, in spite of
the best efforts, some white light as background noise was present in the signal. This occurs
generally at high temperature. To remove this background, the average of the first 250 data
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points was subtracted from the signal intensity. Then the semi-log of signal voltage (y-axis) and
time (x-axis) was graphed. The reciprocal of this slope gave the decay time value.

3.2 Preparation of sample(s)
3.2.1: Phosphor-coated electrode for inferring temperature of the tissue
The Mn-doped phosphor was chosen specifically for this study as it works efficiently at room
temperature or higher and generally is sensitive in a wide temperature range. The sample
prepared for this portion of the study involves an electrode (R.D. Mathis Company, Hampshire,
ENG) and

Figure 3. 2: Schematic diagram of the Set-up used for decay time measurements.

thermographic phosphor: Mg3F2GeO4: Mn. Figure 3.3 shows the schematic of the sample
prepared and the layer structure that was tested, involving a segment of tissue. The planar
electrode was coated with a thin layer of Mg3F2GeO4: Mn and then positioned strategically in
different configurations (Figure 3.3) to evaluate the feasibility of tissue temperature evaluation
using thermographic phosphors.
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Muscle

Skin

Phosphor
Electrode
Tissu
e

(b)

(a)

Figure 3. 3: Schematic diagram of a phosphor coated electrode placed in a (a) submuscular region and
then in a (b) subcutaneous region. The substrate in both cases was the same thickness layer of tissue.

The electrode was coated with the phosphor using an appropriate amount of thermal paint
(VHT Product Company, Cleveland, OH). The Mg3F2GeO4: Mn powder was deposited in the
center portion of the electrode and then sandwiched as indicated in Figure 3.3. The decay time
(ԏ) was measured for increasing amounts of current (I) supplied to the coated electrode
(described further below), which in turn generated heat in the region. The corresponding
temperature (T) for each current value (I) was calculated using the decay curve, as described
earlier.

3.2.2 Phosphor-coated tissue for inferring temperature of tissue
For the second part of the work, a different kind of sample design was produced.
Different thicknesses of tissue (t) which were coated with phosphors were used to evaluate the
feasibility of measuring tissue temperature, directly. In this case, the decay time (ԏ) was
measured for increasing tissue thickness (t) and distance to the detector (d). Where appropriate,
thicker layers of tissue were used to avoid layering which could have lead to scattering at the
various boundaries. Figure 3.4 shows the schematic diagram of the sample for this experiment.
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t (mm)

Figure 3. 4: Schematic diagram representing tissue directly coated with phosphor, Mg3F2GeO4: Mn.

Decay time (ԏ) was measured both as a function of increasing (d) and then increasing (t). The
position of the detector was gradually increased from 30 mm to 60 mm, and tissue thickness was
increased from 1.51 mm to 6.36 mm.

3.3 Tissue heating by means of DC current
The phosphor-coated electrode was used to simulate the heating of an electronic device
or implant in the body. To generate appropriate amounts of heat locally, a DC power source was
connected to the electrode. Different amounts of current (from 0.25 A to 5 A) in 0.5 A intervals
was supplied to the electrode and indicated in the schematic diagram of Figure 3.5.

Figure 3. 5: Schematic diagram of electrode assembly attached to a DC power supply to supply
current to the electrode to mimic local heating in implants.

3.4 Effect of current on local tissue temperature-Decay time measurement
The current (I) was supplied for 10 min and ԏ was recorded at 3 min intervals starting
from 1 min. The sample was kept on the stage and a laser signal of 405 nm wavelength
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illuminated the target. In some cases, the signal directly impinged on the phosphor while in other
cases the laser beam had to pass through the thin layer of skin or muscle. The position of the
detector is shown in the schematic below. The input voltage and the gain factor values were kept
constant for all measurements and the decay time (ԏ) was extracted using the calibration curve as
stated in Chapter 2. Image 3.6a shows the bench set-up while Figure 3.6b shows the schematic
diagram for the experiment.

(a)

(b)
Figure 3. 6: (a) Image of the bench set-up used in this experiment. (b) Schematic diagram for the
experimental set-up measuring the decay time from the current passing through electrode placed on the
tissue (sample placed horizontally).
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While measuring the decay time for the second configuration, the sample was hung
vertically using clips and a stand. The laser struck the phosphor coated part of the sample and the
emitted signal was then captured by the detector from the other side of the sample. The position
of the detector was kept constant for the experimental procedure while the thickness of the
sample was increased after each measurement as shown in Figure 3.7.

2.325 mm ≤ t ≤ 22.53 mm

Figure 3. 7: Schematic diagram for the experimental set-up measuring the decay time from the tissue as a
function of tissue thickness (t) (placing the sample vertically).

3.5 Effect of increasing detector distance on detected signal amplitude
In this experiment, the signal was captured as shown in Figure 3.8 for increasing values
of d. The top layer of the tissue was first coated with the phosphor and the excitation/emission
setup was observing the sample from the same side (bouncing off the sample as opposed to being
transmitted through). The experiment was repeated for increasing detector distance. The distance
between the laser (excitation) source and the sample, as well as the gain factor of the detector,
was kept constant and only the d distance was varied.
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d max = 55 mm

d 0 = 30mm

Figure 3. 8: Schematic diagram for the measurement of decay time as a function of distance to detector
(d). Excitation and detection of emitted signal occur on the same side of the layer structure tested.

3.6 Confirmation that the phosphor- tissue assembly is reading the tissue
temperature
To ensure that the phosphor that is deposited directly on the tissue was able to “Read” the
temperature of the tissue, and is not reading the ambient/ environment temperature, the following
experiment was performed:
Four separate segments of muscle (thickness 3.4 mm) were cut from a larger sample and were
refrigerated at the same time. After 12 hrs of refrigeration had elapsed, the first sample was
removed from the fridge and immediately coated with a thin layer of Mg3F2GeO¬4: Mn. Decay
value was measured without any delay. 5 minutes later the second sample was removed and
after waiting for 1 min the same measurement was conducted in the manner previously
described. The third and fourth samples were also subsequently removed, coated, and measured,
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each with an additional delay of 1 min. The schematic diagram for the sample was similar to the
schematic diagram shown in Figure 3.4.

3.7 UV-Visible spectroscopy to determine transmission behavior of tissue
The UV-Visible spectra of the tissue used in this portion of the study was evaluated at
room temperature with the aid of an Evolution 220 UV-Vis spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). This helped determine the transmission behavior of the tissue at
different thicknesses. Appropriate segments of tissue were positioned vertically while resting on
a microscope slide in the sample holder. The system was first calibrated used an integrating
sphere (Lab Sphere). The samples ((t) varying from 1.87 mm to 22.89 mm) were scanned from
190 nm to 800 nm.

3.8 Determining the areal coverage of phosphor
To evaluate the areal distribution of the phosphor coating a NIGHTSEA system was used
to illuminate the entire area of the samples that were tested and fully characterize the amount of
coverage by the phosphor coating. The NIGHTSEA system consists of a fluorescence adapter
(Lexington, MA) in conjunction with a Stereo microscope (Jenco, Portland, OR).The tissue
coated with phosphor was placed on the microscope stage and light of wavelength (λ) (380-450
nm) was focused on the sample. Figure 3.9 shows the experimental setup for the night sea
measurement system. The areal coverage was assessed and documented for further usage.
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Figure 3. 9: Fluorescence measurement of phosphor areal coverage.
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Chapter 4
Methods: Temperature Measurements at Extreme High
Temperatures Using Phosphor-Coated Thin Film Ceramics
In this chapter, the methodology and procedures as they relate to inferring temperature
for extreme conditions are described. The set-up used for calculating decay times was similar to
the setup used in Chapter 3 and as such will not be described again here to avoid redundancy.

4.1. Sample preparation: phosphor-coated thin film ceramics
Composite samples were prepared using a 40 µm thick Zirconia Ribbon Ceramic,
prepared using method (R2R) acquired from ENrG Inc (Buffalo, NY)and was coated with
thermographic phosphor YAG:Dy (Phosphor Technology, Stevengae, ENG). Figure 4.1a shows
a schematic of the sample and an actual image of the flexible ceramic ribbon (Figure 4.1b). The
ceramic sample was first coated with thermal paint and then a thin layer of YAG:Dy phosphor
was carefully deposited onto the adhesive region. The thermal paint (VHT products, Cleveland,
OH) was used as an adhesive. The sample was left to dry at room temperature for 1 hr.

(a)

(b)
Ceramic
s phosphor using the high
Figure 4. 1: (a): Schematic diagram of the ceramic sample coated with
temperature thermal paint. (b) Ribbon shaped zirconia ceramic.
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4.2. Extreme high temperature luminescence measurements
A heating stage Mk 2000 (Instec, Boulder, CO) was used to perform the high temperature
measurements, capable of reaching 1250 ºC. The heating stage was connected to Mk 2000
controller through an acquisition software, Win Temp 2000 (Instec) and was equipped with a
cooling system C300WA (Instec). The operation of the stage was conducted at the ramp rate of
20 oC and the measurements of decay time were performed at the maximum temperature of 1200
o

C. Initially, the stage was heated to 50 oC and the decay time was measured. After the

measurement at 50 oC, the stage was heated to 300 oC and the experiments was performed at 200
o

C intervals until the stage temperature reached 900 oC. Past this temperature, the decay time was

recorded at 1000 oC, 1050 oC,1100 oC up to 1200 oC. Between 1100 oC and 1200 ºC due to sharp
changes in the decay behavior the measurements were collected in 25 oC intervals. The decay
time was calculated in the same way as described in section 3.1. Figure 4.2 shows the set up used
for this experiment, which is similar to Figure 3.2 with additional instruments (heating/cooling
stage (Instec), controller and cooler (Instec)).
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Figure 4. 2: Schematic diagram of the ceramic coated phosphor sample placed on the heating stage for
decay time measurement.

The excitation source was set up at an angle of 45° and 3cm distance from the YAG:Dy
phosphor-coated sample. The decay signal was difficult to capture after 700 oC due to the glow
from the stage which overshadowed the LED signal. Therefore, a metal foil with a couple of
punctures was placed over the sample so that the laser signal was measured through the
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punctures but the radiation from the stage was blocked. The 650 nm filter was replaced by 438
nm blue and 40 FWHM bandpass filter (Andover Corporation, Salem, NH) to detect 436 nm
emission peak of YAG:Dy phosphor. The rest of the decay time and temperature profiles were
calculated using the same methodology as was explained in Chapter 3.

4.3. Mechanical testing
Three-point bending (Mark10, Copiague, NY) in conjunction with a motorized stand and
force gauge (used to motorized and capture the force measurement), was used to test the
mechanical strength of the ceramic. Specifically, a 3-point bending test was performed using the
25 N force gauge with a load rate of 15mm/min. A ceramic strip was placed onto the two
supporting pins separated at a 5 cm distance. Figure 4.3 shows the schematic for the set-up used.
Mechanical strength was measured for bare ceramic (i.e., not coated), ceramic coated with
phosphor at room temperature, ceramic coated with a phosphor that reached the temperature of
1200 oC, and different layers of ceramic stacked one upon another (for n= 1,2,3,4,5).

Sample
Supporting
Pins

(b)

(a)

Figure 4. 3: (a) Schematic diagram for the setup of flexural test. A 25 N force gauge was used for this
study. (b):Set-up showing the flexural test experiment.
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4.4 Evaluation of phosphor composite properties under extreme conditions:
space flight experiment
This portion of the chapter is dedicated to a space flight experiment that is currently
onboard the MISSE -14(Alpha Space) flight. The overarching goal is to evaluate and understand
the effects of cosmic radiation on the decay behavior of two select thermographic phosphors, and
the material composites that are carrying them: Aerogels and PDMS. Samples prepared in the
Sabri lab were delivered to Alpha Space and are currently in orbit. Preparation steps are provided
in the sections below and summarized in the flow diagram of Figure 4.4.

4.4.1 Elastomer synthesis
Sylgard 184 silicone elastomer (Dow Corning) was used as the base for one of the samples.
Silicone elastomer base and curing agent were weighed on a PA64 Analytical scale (Ohaus,
Parsippany, NJ) in the ratio of 10:1. The mixture was stirred and placed in a Precision model 19
vacuum oven until the air bubbles were removed. The outgassed mixture was placed in a vacuum
oven and cured (Across International, Livingston, NJ) for 90 min at 80 oC. In this way, a fully
cured PDMS was obtained.

4.4.2 Crosslinked aerogel synthesis
4.25 mL of methanol (Fisher Scientific, Waltham, MA) was combined with 4.5 mL of
methanol (Fisher Scientific, Waltham, MA) and 1.5 mL of deionized water. 3.85 mL of
tetramethoxysilane (TMOS) (Fisher Scientific, Waltham, MA) was poured into this mixture.
Simultaneously, in a syringe 0.25 mL of 3- aminopropysilane (Fisher Scientific, Waltham, MA)
was measured in a syringe and added to the mixture. The mixture was stirred vigorously for 30 s
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after which it was poured in a mold and set aside to gel. Methanol was poured over the surface
when needed to prevent cracking. Molds were covered with an aluminum film to prevent
contamination and drying. The mold was allowed to stand for 3 hrs inside the fume hood. After 3
hrs, the gel from the mold was transferred to a jar of methanol solution for 24 hrs. The methanol
was then replaced by acetonitrile solution and allowed to sit for the next 24 hrs. This process was
repeated 4 times. To crosslink the aerogel, the monoliths were transferred to a jar containing 33
gm desmodur and 94 ml of acetonitrile. After 24 hrs the acetonitrile was replaced with fresh
acetonitrile and heated for 72 hrs at 70 oC. After heating the mixture, the acetonitrile was again
replaced with fresh acetonitrile and waited for a further 24 hrs. The process was repeated 3 more
times. Finally, the cross-linked silica aerogel was obtained after the CO2 critical point drying of
the gel at 1300 psi and 38 oC. Further details regarding the synthesis of aerogel and elastomer can
be found in earlier published work [1]-[3].

4.4.3 Phosphor coating
The schematic representation of the phosphorcoated on aerogel and PDMS is shown in
Figure 4.5c. The relative stable nature (both physically and chemically) of PDMS and aerogel
highlights the importance to the study of luminescence and aerospace application. Aerogel and
PDMS samples were each coated with two different types of phosphors (Figure 4.5a). The method
of coating differed slightly. To coat the fully-cured PDMS base with two different types of
phosphor, a thin layer of the slurry was spread on top of the first layer. Half of the surface was
protected with a barrier and one type of phosphor was gently deposited on the area that was
exposed. Once full coverage was achieved and the particles had adhered, the protective cover was
removed, and the same procedure was repeated for the second region, coating it carefully with the
second type of phosphor. In this manner two different types of coatings were prepared on one
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PDMS base, with an equal amount of surface area dedicated to each. Half was coated with
Mg3F2GeO4: Mn while the other half was coated with La2O2S:Eu. A 90 µm-sieve was used to
separate the larger particles and ensure particle size uniformity. Similar steps were involved in
coating the aerogel susbtrate with the two different types of phosphor and final results are shown
in Figure 4.5. The as-synthesized aerogel monolith had to first be reshaped to the desired final 1
inch diameter. This was accomplished by gently sanding the surround region.
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(a)

(b)
Figure 4. 4: Flow diagram showing the preparation steps of (a): PDMS and phosphor coated PDMS (b): Aerogel
and phosphor coated Aerogel.
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The average diameter of the sample was 26.56 mm, and the average height of the sample
was 5.31 mm.

Mg3F2GeO4:Mn
La2O2S:Eu
(b)

(a

Mg3F2GeO4:Mn
La2O2S:Eu

(c)

Figure 4. 5: (a) PDMS (b) Aerogel coated with Mg3F2GeO4: Mn and La2O2S:Eu phosphor (c) Schematic
representation of PDMS/Aerogel coated with two types of phosphor.

38

Chapter 5
Results and Discussion: Evaluating the Temperature of Tissue by
means of Phosphor Thermometry
In this chapter results from the experiments and methods described in Chapter 3 will be
presented and the feasibility of inferring tissue temperature, directly and indirectly, will be
discussed. As mentioned before, the phosphor chosen for this portion of the work was
Mg3F2GeO4: Mn.

5.1 Evaluating tissue temperature using a phosphor-coated electrode
A: Fixed distances: The proof of concept for the temperature measurement of an
electrode using a decay time analysis was carried out. The results shown in Figure 5.1a
correspond to the schematic diagram provided in Chapter 3 (repeated again in 5.1b and c),
Figures 3.3a and 3.3b (C1) where the thickness of the muscle and the skin layer, each is 1.5 mm.
In this graph, T max represents the maximum temperature reached after supplying the full 4, 5 A
of current that was possible with the power supply used. It was deemed unnecessary to test
greater magnitudes of current since it is unlikely that embedded devices would require current
magnitudes beyond this range. The temperature detected by means of phosphor thermometry
reached a saturation point and did not increase further (indicated by the label T max on the graph).
Each data point represents temperature values averaged over a total of 10 minutes for each
current magnitude. It was deemed necessary to average over a set time interval in order to have a
more accurate reading of the temperature values. A breakdown of each measurement that was
collected is provided in Tables 5.1 and 5.2. A nonlinear relationship is observed for both types of
tissue: skin and muscle and for baseline measurement. In the case of the muscle layer, a slightly
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higher phosphor temperature was recorded. Given that the thermal conductivity (K) of muscle is
documented as 0.49 W/m ºC and that of skin is known as 0.37 W/m ºC [56] it is hypothesized
that a layer of trapped air is present when the muscle measurements were being conducted. The
Tmax
individual temperature
Tmax

(a)

(b)

(c)

Figure 5. 1: Temperature values corresponding to current values supplied by a DC power supply.
Temperature was inferred by evaluating the decay characteristics of the phosphor coating on the
electrode for three different positions: baseline, subcutaneous and sub-muscular. Presented values are
averaged over a total of 10 minutes. (b) and (c) correspond to subcutaneous and sub-muscular,
respectively.

values that were calculated for each time interval, for each current value, are given in Tables 5.1
and 5.2 for subcutaneous and sub-muscular positions respectively. The final row in each table
shows the averaged values that were used to create the graphs in Figure 5.1. As can be seen from
the data provided in these two tables, the individual recordings were very similar for each current
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magnitude and the averaged value provides a more accurate value of the actual temperature of
the electrode, for each current value. The time intervals labeled t0 through t3 corresponds to 3
Table 5.1: Subcutaneously positioned phosphor-coated electrode. Individual values of temperature collected at
each time interval.
I(A)
0.25

0.5

1

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

t0

20.08
T(oC)

20.14
T(oC)

21.34
T(oC)

20.44
T(oC)

21.04
T(oC)

24.02
T(oC)

27.01
T(oC)

31.49
T(oC)

32.68
T(oC)

38.35
T(oC)

43.88
T(oC)

t1

20.89
T(oC)

20.74
T(oC)

21.64
T(oC)

23.28
T(oC)

25.37
T(oC)

24.77
T(oC)

27.31
T(oC)

32.53
T(oC)

35.22
T(oC)

39.85
T(oC)

46.88
T(oC)

t2

20.14
T(oC)

22.08
T(oC)

22.38
T(oC)

24.31
T(oC)

26.41
T(oC)

25.82
T(oC)

27.16
T(oC)

35.82
T(oC)

36.86
T(oC)

42.68
T(oC)

48.35
T(oC)

t3

21.49
T(oC)

21.64
T(oC)

22.98
T(oC)

24.41
T(oC)

27.31
T(oC)

26.11
T(oC)

28.20
T(oC)

34.77
T(oC)

36.26
T(oC)

47.63
T(oC)

49.40
T(oC)

Supply
Time

Average (10
min)

20.65± 21.15±
22.08±
23.13±
25.03±
25.18±
27.42±
33.65±
35.26±
42.13±
47.01±
0.33 0.43 T(oC)
0.36 T(oC) 0.92 T(oC) 1.38 T(oC) 0.48 T(oC) 0.26 T(oC) 0.99 T(oC) 0.92 T(oC) 2.04 T(oC) 1.19 T(oC)
o
T( C)

Table 5.2: Sub-muscularly positioned phosphor-coated electrode. Individual values of temperature collected at
each time interval.
I (A)
0.25

0.5

1

t0

20.38
T(oC)

20.34
T(oC)

23.34
T(oC)

t1

21.36
T(oC)

20.75
T(oC)

t2

21.57
T(oC)

t3

Average (10
min)

Supply
Time

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

24.81
T(oC)

23.75
T(oC)

23.16
T(oC)

23.61
T(oC)

31.97
T(oC)

40.46
T(oC)

41.48
T(oC)

44.30
T(oC)

25.28
T(oC)

25.51
T(oC)

24.63
T(oC)

27.28
T(oC)

25.04
T(oC)

32.59
T(oC)

41.44
T(oC)

44.06
T(oC)

45.73
T(oC)

22.04
T(oC)

24.32
T(oC)

25.73
T(oC)

25.93
T(oC)

29.73
T(oC)

25.65
T(oC)

35.44
T(oC)

42.06
T(oC)

45.65
T(oC)

48.51
T(oC)

20.98
T(oC)

21.73
T(oC)

26.32
T(oC)

29.75
T(oC)

28.91
T(oC)

29.53
T(oC)

28.40
T(oC)

34.83
T(oC)

43.28
T(oC)

48.71
T(oC)

49.32
T(oC)

21.07±
0.26
T(oC)

21.21±
0.40
T(oC)

24.82±
0.63
T(oC)

26.45±
1.11
T(oC)

25.81±
1.12
T(oC)

27.42±
1.52
T(oC)

25.67±
1.00
T(oC)

33.71±
0.84
T(oC)

41.81±
0.59
T(oC)

44.97±
1.51
T(oC)

47.96±
1.17
T(oC)
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Table 5. 3: Subcutaneously positioned phosphor-coated electrode.
Individual values of temperature collected
at each time interval.
I(A)

minute time intervals that the temperature was documented, adding up to a total integration time
of 10 minutes. At first, a 0.25 A current was supplied to the electrode and the current was
increased up to 5A. Two measurements were recorded at 0.25 A and 0.5 A to study the
temperature change with lower values of current. The current was increased with an increment of
0.5A after 1 A measurement.
The temperature recorded for each current value supplied to the phosphor-coated electrode in the
absence of any tissue (muscle or skin) above or below is given in Figure 5.2, indicated by the
black square markers. This measurement is referred to as the Baseline measurement. When a
skin or a muscle layer is added to the top of the electrode only (as opposed to both sides-above
and below) the temperature recorded from the phosphor coating of the electrode reads a lower
temperature than the electrode without any skin or muscle positioned above it. Each data point is
once again an average of multiple readings at increasing time intervals, as indicated in Tables 5.3
Tmax
(Baseline), 5.4 (Muscle), and 5.5 (Skin).

(b)

(b)
(c)

(c)
(d)

(a)

Figure 5. 2: (a) Averaged Temperature-current profile for Baseline (d), Skin covered electrode (c), and
muscle covered electrode (b). This experiment corresponds to C3. Thickness of muscle and skin layer are
(d)provided in
each 1.5 mm. Presented values are(a)
averaged over a total of 10 minutes. Individual data points
Tables 5.3, 5.4, and 5.5.
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Table 5.3: Baseline measurement corresponding to Figure 5.2d. Individual values of temperature
collected at each time interval.

I(A)
1.5
Table 5. 5: Baseline
5.2d. Individual
values of4.0temperature
0.25 measurement
0.5
1 corresponding to
2.0Figure 2.5
3.0
3.5
4.5
Supply
collected
at
each
time
interval.
Time

5.0

t0

21.90
T(oC)

23.00
T(oC)

26.01
T(oC)

32.31
T(oC)

34.09
T(oC)

35.87
T(oC)

37.24
T(oC)

41.08
T(oC)

46.56
T(oC)

53.41
T(oC)

54.36
T(oC)

t1

22.17
T(oC)

23.68
T(oC)

26.83
T(oC)

33.00
T(oC)

34.91
T(oC)

35.32
T(oC)

37.52
T(oC)

40.44
T(oC)

47.24
T(oC)

53.54
T(oC)

54.23
T(oC)

t2

22.04
T(oC)

25.46
T(oC)

28.06
T(oC)

31.90
T(oC)

34.50
T(oC)

36.15
T(oC)

39.43
T(oC)

45.19
T(oC)

47.38
T(oC)

56.64
T(oC)

54.91
T(oC)

t3

22.31
T(oC)

26.83
T(oC)

29.02
T(oC)

32.75
T(oC)

35.46
T(oC)

36.69
T(oC)

39.57
T(oC)

44.78
T(oC)

48.89
T(oC)

46.42
T(oC)

55.46
T(oC)

22.10±
0.08
T(oC)

24.74±
0.86
T(oC)

27.48±
0.66
T(oC)

32.48±
0.24
T(oC)

34.74±
0.29
T(oC)

35.78±
0.28
T(oC)

38.44±
0.61
T(oC)

42.87±
1.22
T(oC)

47.52±
0.49
T(oC)

54.50±
2.16
T(oC)

54.74±
0.28
T(oC)

Average T
(oC)

Table 5.4: Measurements corresponding to Figure 5.2c. Individual values of temperature collected at
each time interval.

I(A)
1.5 to Figure 5.2c. Individual values of temperature collected at
Table 5. 6: Measurements
0.25
0.5 corresponding
1
2.0
2.5
3.0
3.5
4.0
4.5
5.0
Supply
each
time
interval.
Time
t0

20.13
T(oC)

22.68
T(oC)

24.02
T(oC)

28.65
T(oC)

30.29
T(oC)

32.53
T(oC)

31.04
T(oC)

34.62
T(oC)

39.85
T(oC)

44.62
T(oC)

45.19
T(oC)

t1

20.29
T(oC)

22.83
T(oC)

25.97
T(oC)

28.50
T(oC)

28.95
T(oC)

32.68
T(oC)

32.08
T(oC)

35.34
T(oC)

40.44
T(oC)

44.32
T(oC)

47.38
T(oC)

t2

21.49
T(oC)

22.98
T(oC)

26.11
T(oC)

29.10
T(oC)

30.00
T(oC)

32.47
T(oC)

33.19
T(oC)

35.97
T(oC)

42.38
T(oC)

45.22
T(oC)

48.53
T(oC)

t3

20.74
T(oC)

23.13
T(oC)

28.20
T(oC)

29.25
T(oC)

30.51
T(oC)

34.47
T(oC)

33.70
T(oC)

36.68
T(oC)

43.73
T(oC)

48.97
T(oC)

49.89
T(oC)

Average T
(oC)

20.66±
0.15
T(oC)

22.91±
0.04
T(oC)

26.08±
0.42
T(oC)

28.80±
0.08
T(oC)

29.94±
0.17
T(oC)

33.13±
0.1
T(oC)

32.50±
0.29
T(oC)

35.65±
0.21
T(oC)

41.60±
0.44
T(oC)

45.03±
0.53
T(oC)

47.75±
0.49
T(oC)
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Table 5.5: Measurements corresponding to Figure 5.2b: Individual values of temperature collected at each

time interval.
I(A)
Supply
Table 5.
Time

0.25

0.5

1

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

7: Measurements corresponding to Figure 5.2b: Individual values of temperature collected at each

time interval.
t0

20.80
T(oC)

21.98
T(oC)

24.00
T(oC)

24.58
T(oC)

25.56
T(oC)

26.35
T(oC)

30.58
T(oC)

34.39
T(oC)

41.36
T(oC)

45.93
T(oC)

45.65
T(oC)

t1

21.84
T(oC)

22.62
T(oC)

27.72
T(oC)

25.96
T(oC)

26.17
T(oC)

26.15
T(oC)

32.72
T(oC)

35.56
T(oC)

41.97
T(oC)

45.44
T(oC)

47.63
T(oC)

t2

21.19
T(oC)

22.43
T(oC)

28.90
T(oC)

28.17
T(oC)

27.78
T(oC)

27.72
T(oC)

35.31
T(oC)

36.54
T(oC)

42.79
T(oC)

45.53
T(oC)

48.10
T(oC)

t3

22.62
T(oC)

23.21
T(oC)

28.50
T(oC)

29.49
T(oC)

28.19
T(oC)

33.41
T(oC)

34.58
T(oC)

37.33
T(oC)

44.63
T(oC)

46.26
T(oC)

49.04
T(oC)

Average T
(oC)

21.61±
0.39
T(oC)

22.56±
0.2
T(oC)

27.28±
1.12
T(oC)

27.05±
1.09
T(oC)

26.93±
0.63
T(oC)

28.41±
1.70
T(oC)

33.30±
1.05
T(oC)

35.96±
0.63
T(oC)

42.69±
0.71
T(oC)

45.79±
0.18
T(oC)

47.60±
0.71
T(oC)

In this experiment (C3), the temperature measurement for the electrode was considered as
a baseline measurement and compared with the measurements with skin and muscle positioned
on top of the electrode respectively, in the absence of the base tissue layer. No significant
difference was observed between the skin-covered and muscle-covered electrode’s readings.
The Baseline values do indicate higher temperatures for all current values. The maximum
temperature (Tmax) for the baseline measurement was calculated as 54.74 oC at 10 min while the
Tmax for the case of skin and muscle was 49.89 oC and 49.04 oC respectively. It is hypothesized
that since air is a better thermal insulator than muscle or skin (Kair=0.03 W/mºC) [56] then in the
presence of skin and muscle heat is distributed more rapidly and as such lower temperature
values are detected.
B. Effect of increasing detector distance on detected signal amplitude: In Configuration 3
(C3) presented in Chapter 3, where the excitation source and the detector are both positioned on
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the same side of the sample, the signal detected from the underlying phosphor layer has to travel
through the tissue layer to arrive at the detector. The excitation signal has to travel through the
tissue layer to arrive at the phosphor coating underneath. Figure 5.3 represents the detected
signal intensity (V) as a function of distance to the sample (d). From Figure 5.3a it can be clearly
seen that the signal strength drops as a function of distance, more so for the experiments that
contain a layer of tissue (Skin or Muscle) which is to be expected. Figures 5.3b, and 5.3c show
representative decay signals for this test.
C. Percent decrease of signal intensity: For two of the detector distances (30 mm and 55
mm) the percent signal decrease was calculated. This information is summarised in Table 5.6 and
the decay curves shown in Figures 5.3b and c provided the signal intensity information that was
the detected signal value is higher for the baseline arrangement (in the absence of skin or muscle)
compared to the values detected when a layer of skin or muscle is present, as expected. The
photomultiplier gain remained the same throughout the experiment.
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(a)

At the distance of 55 mm:
(a)

(c)

(b)

Figure 5. 3: (a) Relationship between distance to the detector (d) and maximum detected signal intensity
(Vmax). Decay characteristics for each arrangement was evaluated and representative decay curves are
shown in (b) and (c) for 30mm and 55 mm distances. In b and c background subtraction has not been
performed.

46

Table 5.6: Distribution of maximum signal intensity with respect to the distance
Vmax (V)

Vmax (V)

Muscle:

Skin:

In the presence of

In the presence of

% Signal

% Signal

Skin

Muscle

Reduced

Reduced

1.33

0.57

0.48

63%

57%

0.17

0.14

0.08

25%

20%

Distance to the

Vmax (V)

detector (d)

(Baseline)

30 mm
55 mm

5.2 Evaluating tissue temperature directly from phosphor coated-tissue
To determine the temperature of tissue from phosphors coated directly onto the tissue, the
decay time from muscle with increasing thickness (t) values was collected. Figure 3.4 illustrates
the schematic diagram of the experiment corresponding to the data presented here. The room
temperature decay value for Mg3F2GeO4: Mn was measured to be 3.64 ms and is consistent with
previous reports [57]. When the decay time is inferred in the presence of a muscle layer, a
strong signal was detectable up to 8.51 mm thickness. For muscle layers of greater thickness, the
gain had to be adjusted to achieve a detectable signal (Figure 5.4a) and the effect of the gain
adjustment can be clearly seen. The vertical line indicates the boundary between the gain
adjustment episodes. Thicker samples were not evaluated in this study.

To be certain that the phosphor directly in contact with the muscle is in fact reading the
muscle temperature an experiment was designed to verify this. Figure 5.4b confirms that the
phosphor is reading the muscle temperature since the temperature read is increasing as time
increases, demonstrating a warming up of the tissue. The initial temperature o muscle was
recorded to be-1 oC and the final temperature was recorded as 23 oC, corresponding to the room
temperature. A low temperature experiment had to be performed since at high temperatures the
physical properties of the muscle (and the thickness) changed significantly.
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(a)

(b)
Figure 5. 4: (a): Effect of changing the gain factor on decay measurements for muscle thicknesses ranging
from 2.35mm to 22.53 mm. (b): Decay time measurement for 3.4 mm muscle at different temperatures
during warm-up.

5.3 Decay time as a function of detector distance (d) and tissue thickness (t)
The decay time (ԏ) was recorded as a function of distance (d) and muscle thickness (t).
At first, the decay signal was measured for a 1.51 mm thick muscle and then the thickness of the
sample was increased to know the maximum limit of detectable distance for that particular tissue
thickness. Although the measurement of decay time was directly influenced by the thickness of
the sample and the position of the detector, the decay time did not change considerably by

48

changing distance (d) and thickness (t).

= t0
= t1
= t2
= t3
= t4
= t5

Figure 5. 5: Decay time with respect to distance. The decay time was measured as a function of
increasing distance b/w detector and sample. The arrows represent the maximum distance (d) at which a
signal was detected for a particular thickness of the sample (t0 -t5).

Figure 5.5 shows the relationship between the distance and the detectable decay signal for
different tissue thicknesses (t). The maximum detectable distance (dmax) for the position of the
detector was recorded at 50.46 mm for a 1.51 mm (to) thick sample. For a 6.39 mm (t5) thick
tissue, the maximum detectable distance was 16.43 mm. Similarly, the maximum distance (dmax)
for 1.87 mm (t2) and 2.15 mm (t3) thick tissue was 45.61 mm and 44.9 mm respectively. And for
3.16 mm (t4) thick tissue the maximum detectable distance was 31.48 mm and for 4.15 mm (t5)
was 19.63 mm.

5.4 Comparison of signal amplitude with respect to the distance
Figure 5.6 explains the relation between the maximum intensity amplitude (Vmax) with
the thickness (t) of the sample. The maximum amplitude (Vmax) of the signal captured for the
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different thicknesses of the muscle was similar around 0.15 V. In the case of, without changing
the gain of the photomultiplier tube, the intensity of the signal decrease as the thickness of the
sample is increased.
The decay signal was weak after 8.51 mm thick sample and it was difficult to measure the decay

Figure 5. 6: Signal amplitude with respect to the thickness of the muscle. The maximum signal amplitude
was recorded was 0.16 V for 4.29 mm thick muscle sample. The dotted line in the figure separated the
data measurement without changing the gain and by changing the gain of the photomultiplier tube.

time with such a signal. The gain of the photomultiplier tube was increased by the minimum
level to obtain the decay signal. On the overall measurement, the maximum signal amplitude
(Vmax) of 0.16 V was recorded for 4.29 mm thick muscle sample.

5.5 UV- Visible spectroscopy
The transmission and reflectance behavior of muscle as a function of thickness was
evaluated and results are presented in Figure 5.7. The thickness was achieved by either stacking
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thinner layers (Figures 5.7a and c) on top of each other or, by segmenting a thicker layer of
muscle to start with (Figures 5.7b and d).
The maxima and minima for all variations occurred at the same wavelengths, irrespective
of the thickness, and the method that the thickness was created. The overall amplitude
(transmittance and reflectance percentage) was however affected by the thickness. The muscle
layer is more transparent in the visible range with the %T increasing for longer wavelengths and
absorbs heavily in the UV range. The overall transmitting nature of the tissue does not change
despite multiple stacking of muscle or measuring the property using the single layer of the same
thickness.
The absorbing and transmitting nature helps to explain the scattering relation of decay
signal with the tissue. Moreover, a reflectance relationship of the tissue was also studied and can
be described as shown in Figure 5.7 (a and b). The reflectance values are low in the visible
region and increases for the UV region.
Figure 5.7 (c and d) shows the transmitting properties of the tissue. Since the transmitting
property of the tissue around 400nm is low so it would be difficult to capture the decay signal of
phosphor having emission in such range. Hence, the Mg3F2GeO4: Mn was chosen as its emission
was in the range of 638 nm scale whose transmission property is high and reflectance property is
low and hence the decay signal was more easily detectable as compared to the wavelength below
600 nm.
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(a)

(b)

(d)

(c)

Figure 5. 7: (a) Reflectance behavior by stacking multilayer tissue (b) Reflectance using single layer of
different thickness (c) Transmittance by stacking multilayer tissue (d) Transmittance using single layer of
different thickness.

The opaque nature of tissue (%T ≈ 0%) explained by Figure 5.7c and d at the 400 nm
wavelength (λ) region was further demonstrated by the experiment of tissue and paper. The light
was not visible on the other side of the tissue as shown in Figure 5.8 a while the light was easily
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passing through the piece of paper and visible on the other side of the paper as shown in Figure
5.8b.

(b)

(a)

Figure 5. 8: (a) Image of a segment of paper that Diagram showing the opacity nature of tissue (b): the
light passing through the paper for 405 nm excitation wavelength (λ). The thickness (t) of the sample was
around 3.5 mm.
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Chapter 6
Results and Discussion: High Temperature Performance of Flexible
Ceramic-Phosphor Composites
Here, results from the high temperature measurements performed on flexible ceramic ribbons
coated with thermographic phosphors is evaluated at a variety of temperatures and, with different
layer thicknesses. The overall material performance is fully characterized. The bandgap for the
YAG:Dy (1%) phosphor was calculated also using two different techniques and reported.

6.1 Evaluation of the flexural strength of coated and uncoated ceramic
ribbons
The flexural strength and degree of flexibility of the coated ceramic ribbons were
compared to the flexural behavior of the ceramic ribbons without the phosphor coating, both
under stress and strain (Figure 6.1a). When the phosphor coated YSZ ribbon was flexed under
stress, the flexural behavior did not deviate significantly from the non-coated samples, except at
the highest level of deflection, as can be seen from the black and red traces in Figure 6.1a. When
the coated ceramic ribbon is flexed under strain, however, the presence of the phosphor layer
restricted the flexibility of the ribbon as can be seen by the green trace in Figure 6.1. The effect
of repeated heat-cool cycling (N=100) of the phosphor-coated ceramic ribbons was tested and
flexural behavior under stress and strain was evaluated and compared to the controls. Results
indicate that the heat-cool cycling did not alter the flexural behavior of the coated ceramics as
indicated in Figure 6.1b. No damage or fracture and fatigue were observed in the YSZ ribbons. It
is expected that in some applications it will be necessary to create a layer structure resulting from
multiple layers of the ceramic ribbons stacked on top of each other. The flexural strength is
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expected to be dependent on the layer thickness and this has been confirmed by the results
presented in Figure 6.1c.

(a)

(b)
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0.05
0
0
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7

8
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(c)

Figure 6. 1: Flexural strength of ceramic (a) Phosphor coated vs non-coated, under stress and strain (b)
Phosphor coated at room temperature vs multiple heating, under strain and stress and (c) multi-layer
ceramic.

6.2 Luminescence measurements at high temperatures
Temperature dependent decay behavior of YAG:Dy (1%) phosphor coating on YSZ
ceramic ribbons is shown in Figure 6.2a. As expected, little changed was observed in decay at
lower temperatures. The decay time changes from 900 µs at low temperatures to 439 µs at 1200
˚C, the maximum temperature attainable with this apparatus. These results are comparable to
what was observed by others previously[58]–[60]. The presence of the ceramic ribbon did not
interfere with the excitation/emission behavior of YAG:Dy (1%) and created a reusable, flexible,
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and versatile temperature sensor that could be used at extreme high temperatures, not possible
with other materials.
Figure 6b shows the captured signal and fit to the data at 1200 ˚C. The steep rise at 1000
µs and steep fall at 0 is due to LED leakage through the filter, as is commonly seen. The natural
log of this is shown in Figure 6.2c. It provides another means for assessing the quality of the data
since single exponential decay should manifest as a straight line. The fit and data appear to
confirm this. Lastly, Figure 6.2d conveys the magnitudes of the luminescence amplitude and
background blackbody versus temperature. The luminescence amplitude is the signal
immediately after the LED is turned off minus any background light. At low temperatures, 50 ˚C
and 300 ˚C, background light is negligible. The luminescence signal amplitude corresponds to
the left axis in the Figure 6.2d. The signal grows from the lowest value of 0.7 mV to a maximum
value of 6.4 mV at 800 ˚C and decreases to 2.7 mV at ˚1200 C. The right axis indicates the
Blackbody emission level which is first detectible at 800 ˚C and grows rapidly to 1640 mV at
1200 ˚C.
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(b)

(a)

(c)

(d)

Figure 6. 2: (a) Decay time for the corresponding change in temperature (b) Signal fit for the temperature
distribution (c) Natural log of the signal (d) Background emission vs luminescence amplitude for the
temperature distribution.
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6.3 Finding the band-gap energy for YAG:Dy phosphor
The band-gap energy of YAG:Dy (1%) was calculated using two different methods. One
extracted from the absorbance spectrum (Figure 6.3a) and the other from the Diffuse Reflectance
spectrum (Figure 6.3b). A linear fit to the rise region of each graph (indicated with a
1.00E+05
9.00E+04
8.00E+04

(αhv)^2

7.00E+04
6.00E+04
5.00E+04
4.00E+04
3.00E+04
2.00E+04
1.00E+04
0.00E+00
1.5

2

2.5
(a)

3

3.5

4

4.5

5

Energy (eV)

(b)
Figure 6. 3: Band gap energy distribution (a) using the absorption data (b) using the reflectance
measurement.
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solid line) helped identify the band-gap value, corresponding to 4.2 and 5.1eV respectively. The
discrepancy in the values calculated from each method can be attributed to the inherent
limitations of measurement techniques. Even if we discarded the transmittance value for a glass
slide while measuring the transmittance value for YAG:Dy sample, the glass slides holding the
powder could have still contributed to the measurement resulting in some error. Thus, the
method of Tauc plot using Kubelka-Munk function is more reliable as the measurements of
reflectance were made only for YAG:Dy powder [61].

6.4 Microscopic evaluation of the phosphor powder and phosphor coatings:
Figure 6.4 shows an SEM image of YAG:Dy phosphor revealing the irregular form of the
particulates used for this study. The image shown in Figure 6.4 represents the as-received
condition of the powders that were used. As needed, this powder form was sieved to separate the
larger particulates and reach a more uniform spread of particle sizes.

Figure 6. 4: SEM image of YAG:Dy phosphor particles.
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(b)

The surface roughness profile of the ceramic sample coated with phosphor was evaluated using
The Profilm3D (Filmetrics Inc., San Diego, CA). Figure 6.5 shows the surface roughness for one
of the YAG:Dy coated ceramic samples. Some irregularity in the coating thickness was
observed, however, it is not expected that this would have adverse detectable effects on the
decay values that were reported. Results from the Nightsea system are shown in Figure 6.6
where a larger surface area can be illuminated compared to the LED system that was evaluated
earlier. The advantage of this system is the rapid large area evaluation that be performed to
identify the general spread area of the phosphor prior to performing decay time evaluations.

Figure 6. 5: Surface roughness of YAG:Dy coating on a ceramic ribbon.
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(b)

(a)

Figure 6. 6: (a)Actual set-up of YAG:Dy coated ceramic. (b) Luminescence of a YAG:Dy coated phosphor
ceramic using the violet filter on the Night Sea measurement.
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6.5 Space-flight tests: Decay time measurement (control)
Eu doped and Mn doped phosphors that were coated on PDMS and aerogel substrates
were bench-tested prior to sending to Alpha Space for integration into the payload. The decay
characteristics were evaluated and will later be compared to results obtained after samples are
returned to Earth.

(a)

(b)

Figure 6. 7: Decay Signal for (a) Mn- doped phosphor (b) Eu- doped phosphor on the Aerogel substrate.
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The decay time was 167.6 μs for Eu doped phosphor particles on aerogel and PDMS,
while the decay time for Mn doped phosphor was 3.5 ms for both of the samples. The decay
curve was measured from 5D1 shell for 538 nm emission band in the case of La2O2S:Eu doped
phosphor while the signal was captured from the 638 nm emission band for Mg3F2GeO4. The
luminescence signal for the samples are shown in Figures 6.7 a and b and Figure 6.8 a and b
respectively.

(a)

(b)

Figure 6. 8: Decay Signal for (a) Mn- doped phosphor (b)Eu- doped phosphor on the PDMS substrate.
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6.7 UV-Visible spectroscopy
In terms of the optical property measurement, the reflectance and the transmittance property of
phosphor particle were measured. The reflectance behavior for aerogel coated with phosphor is
almost similar to the PDMS coated with phosphor particles as can be seen in the spectra shown
Figures 6.9 a and b. The reflectance values that were recorded saturated the detector and appear
off scale. The transmittance (%T) value however, as expected, was low and could be considered
statistically insignificant suggesting zero transmission at all wavelengths. This indicates a full
coverage of the aerogel and PDMS substrates which was the desired outcome.
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(a)

(b)

(c)

(d)

Figure 6. 9: Measurement of Optical properties: (a) Reflectance properties for La2O2S:Eu coated (b)
Reflectance properties for Mg3F2GeO4:Mn (c) Transmittance properties for Mg3F2GeO4:Mn coated (d)
Transmittance properties for La2O2S:Eu coated PDMS and Aerogel.
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Chapter 7
Conclusion and Future Recommendation
The overall goal of this study was to investigate the feasibility and then the accuracy of
thermographic phosphors as means to detect the temperature in two distinctly different
applications. The significance of findings from the proof-of-concept experiments is briefly
discussed below:
Measuring the temperature of tissue in the presence of a current-carrying implant: Overall, it
can be deduced that the temperature of a phosphor layer embedded in tissue (skin or muscle) can
be accurately detected and the signal can transition through the tissue layer, up to a certain
thickness that varies based on the tissue type. Current values below 3A lead to considerably small
temperature changes. The recorded average temperature (Avg. T) was highest for the baseline
measurement for both subcutaneous and submuscular configurations. The differences seen with/
without tissue are associated with the thermal properties of the adhering tissue. These could include
scattering and or absorption. Unintended trapped layers of air lead to inaccuracies in the
measurements and could be avoided in future studies. This investigation confirmed that phosphors
in direct contact with tissue respond accurately to the temperature of the substrate.
Future recommendation:

This study could be extended to the investigation of Micro-

Electromechanical System (MEMS) and the impact of these devices on the temperature of the local
tissue. This investigation can be repeated with other types of phosphors such as La2O2S:Eu which
has a different sensitivity range compared to Mg3F2GeO4:Mn. While this study focused on the
current supplied through a DC source, the AC signal should also be investigated since many
implants utilize AC functions. Also, other types of electrodes should be tested.
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Measuring temperature in excess of 600C: This investigation established that an LED source can
be used for generating sufficient luminescence from the 4I15/2 -6H15/2 transition at 456 nm from
YAG:Dy phosphor to measure decay times up to 1200 ˚C, the first measurements, to our
knowledge utilizing LED excitation for decay time measurements above 1000 ˚C. Furthermore,
ceramic ribbons coated with a layer of phosphor demonstrate some degree of flexibility which is
gradually reduced as the layers stacked increase. A limit was not reached in our study and could
be the focus of future investigations.
Future recommendations: The setup used, described in Figure 4.2, may be optimized by adding
LED’s and improving optical collection efficiency. The LED was operated below the maximum
design current out of caution. It is recognized that LEDs can be pulsed at higher currents for low
duty cycles, therefore, exploring a different LED set up in future works would improve signals and
overall system performance. Based on the recent past, it is expected that LED sources will become
brighter. If LED sources become brighter in the future, their implementation as a viable source for
phosphor thermometry would be ensured. A future step could involve exploring the ratio method
by adding another detector to the setup to view the 4F9/2-6H15/2 band at 490 nm. At 1000 ˚C, its
amplitude should be about twice that of the transition tested here at 458 nm [23]. The blackbody
emission will be about 4 times higher, 1036 mV, than the 259 mV seen here at that temperature.
However, it was established in the present work that decays could be obtained even with a
background signal of 1600 mV, showing that the ratio method should also be viable from low
temperatures to1000 ˚C. Thus, it appears this approach can lead to an economical wide range
temperature diagnostic.
Evaluating the effects of cosmic rays on thermographic phosphors: This portion of the work
cannot be completed since the specimens are currently in orbit and will return to Earth in 6 months.
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Future studies will involve evaluating the decay characteristics after a flight and compare to the
results obtained prior to flight.
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